The objective of this study was to re-evaluate the effect of arm position on blood pressure (BP) measurement with auscultatory and oscillometric methods including ambulatory blood pressure monitoring (ABPM). The setting was the hospital outpatient department and the subjects chosen were normotensive and hypertensive. The effect of lowering the arm from heart level on indirect systolic BP (SBP) and diastolic BP (DBP) measurement as well as the importance of supporting the horizontal arm were measured. In the sitting position, lowering the supported horizontal arm to the dependent position increased BP measured by a mercury device from 103 7 10/60 7 7 to 111 7 14/ 67 7 10 mmHg in normotensive subjects, a mean increase of 8/7 mmHg (Po0.01). In hypertensive subjects, a similar manoeuvre increased BP from 143 7 21/78 7 17 to 166 7 29/88 7 20 mmHg, an increase of 23/10 mmHg (Po0.01). Combined results from normotensive and hypertensive subjects demonstrate a direct and proportional association between BP (SBP and DBP) and the increase produced by arm dependency. Similar changes and associations were noted with oscillometric devices in the clinic situation. However, supporting the horizontal arm did not alter BP. Of particular interest, analysis of 13 hypertensive subjects who underwent ABPM on two occasions, once with the arm in the 'usual' position and once with the arm held horizontally for BP measurement during waking hours, demonstrated changes comparable to the other devices. The mean 12-hour BP was 154 7 19/82 7 10 mmHg during the former period and significantly decreased to 141 7 18/74 7 9 mmHg during the latter period (Po0.01). Regression analysis of the change in SBP and DBP with arm position change again demonstrated a close correlation (r 2 ¼ 0.8113 and 0.7273; Po0.001) with the artefact being larger with higher systolic and diastolic pressures. In conclusion, arm movements lead to significant artefacts in BP measurement, which are greater, the higher the systolic or diastolic pressure. These systematic errors occur when using both auscultatory and oscillometric (clinic and ABPM) devices and might lead to an erroneous diagnosis of hypertension and unnecessary medication, particularly in individuals with high normal BP levels. Since clinical interpretations of heart level vary, the horizontal arm position should be the unambiguous standard for all sitting and standing BP auscultatory and oscillometric measurements.
Introduction
Blood pressure (BP) measurement is the most common clinical measurement in hospitals, consulting rooms, and more recently home and the workplace. Most clinical practice audits reinforce the importance of the cuffed upper arm being at heart level; 1 ,2 yet published definitions and clinical interpretations of heart level vary, possibly owing to the heart extending from the sternal angle to the fifth intercostal space. 3 WHO guidelines recommend that the cubital fossa be placed at the fourth intercostal space. The American Heart Association defines heart level as 'arbitrarily taken to the junction of the fourth intercostal space and the lower left sternal border'. As a subsequent practical clinical guide, these guidelines state: 'When the patient is seated, placing the arm on a nearby tabletop a little above waist level will result in a satisfactory position'. 5 The British Hypertension Society recommends that the arm be horizontal at the mid-sternal level. 6 This definition best approximates the right atrium, which is the reference level. 7 While the influence of arm position on BP measurement was first reported almost 100 years ago, 8 Webster et al 9 more recently re-evaluated this issue and documented a mean increase of 11 (SBP)/ 12 (DBP) mmHg when the horizontal arm was made dependent in hypertensive subjects. Similar changes were noted in normotensives, and in addition up to 10/6 mmHg increases were measured if the horizontal arm was unsupported. These important observations have been replicated using an oscillometric device 10 and confirmed by intraarterial BP measurements. 11 Despite studies confirming the importance of arm position on BP measurement, it is likely that arm position varies markedly in clinical practice and also in published studies. Resting an arm on a desk or arm of a chair as often recommended could vary the BP significantly, depending not just on the dimensions of the furniture but also on the height of the individual and also their posture.
It was the intention of this study to repeat part of the Webster et al 9 protocol to decide if arm position errors are more or less apparent in hypertensive subjects when compared to normotensives, an issue that has not been evaluated. In contrast to that study, the Hawksley random-zero sphygmomanometer was not used owing to concerns about its accuracy. 12, 13 However, to minimise potential observer bias, an automatic oscillometric device was also used. Confirmation of the effect of arm position on BP with oscillometric devices is important, given their increasing use particularly in hospitals and the home. Evaluating the effect of arm position on ambulatory blood pressure monitoring (ABPM) was an additional study objective, given the increasingly important role of ABPM in hypertension management. It was postulated that the usually dependent arm during daytime ABPM significantly overestimates BP and exaggerates nocturnal 'dipping'.
Subjects and methods

Arm position and clinic BP
A total of 51 subjects participated, 26 being hypertensive, two of whom were not on medication. BP was measured with a standard mercury sphygmomanometer and validated 14, 15 oscillometric device (OMRON HEM 705CP, Japan) in random order. The cuff was on the nondominant arm. With both devices, the BP was measured with the patient sitting and standing and with the arm dependent, horizontal unsupported and horizontal supported. These manoeuvres were performed in random order. The manufacturer's instructions for using OMRON oscillometric devices are comparable to the American Heart Association recommendations with the arm being flexed and resting on a desk or table. BP measurement was carried out in a comfortable environment by a trained observer (AM) after the subject had been sitting or standing for 5 min. A minute was allowed between each arm position change. Conversation was avoided during the procedure. Phase 1 Korotkoff sounds represented systolic BP (SBP) and Phase V the diastolic BP (DBP). BP technique followed the British Hypertension Society recommendations 6 including the horizontal position of the arm using oscillometric and mercury devices.
Arm position and ABPM
In total, 15 subjects participated: 10 were on antihypertensive medications and 5 were untreated while being evaluated following clinic diagnosis of hypertension. They were randomly allocated to 'usual' or 'horizontal' arm position during the first of two monitoring periods. Both monitoring periods were performed on days of similar activity. During the 'horizontal' ABPM period, patients were asked to hold the arm in the horizontal position during each BP measurement when not in bed. They were allowed to rest the arm on nearby furniture or hold it without support. They were not advised on the possible effects of arm position on BP. Successful completion of greater than 90% of BP readings was required for each ABPM period using a spacelabs 90207 oscillometric device (Space Labs Inc., Redmond, WA, USA), with the cuff on the nondominant arm. Volunteers in both studies were in sinus rhythm, did not have cardiac failure, autonomic neuropathy or a recent history of postural hypotension, and were not taking tricyclic antidepressants or a-adrenoceptor blockers.
Statistical analysis
Student's paired t-test was conducted to compare systolic and diastolic pressures. Analyses compared dependent position with horizontal supported, horizontal supported vs horizontal unsupported while sitting and standing with both devices. Simple linear regression was used to compare the relations between horizontal and dependent arm positions and the level of SBP and DBP. Differences between 'usual' and 'horizontal' ABPM periods were examined by analysis of variance for repeated measurements. Differences were tested using Students paired t-test. Linear relations between patient BP were estimated using the least-squares method. Results are expressed as mean 7 s.d.
Results
Arm position and clinic BP
Hypertensive subjects were older than the normotensive group, although mean body weight and arm circumference were similar between the groups (Table 1a) . BP measured with a mercury sphygmomanometer was comparable in the sitting and standing positions in both normotensive and hypertensive groups (Table 2a) . However, lowering the horizontal supported arm to the dependent position increased mean BP by 8/7 mmHg in sitting normotensive subjects and by 7/5 mmHg when standing (Po0.01 for both SBP and DBP). In hypertensive subjects, the same arm manoeuvre increased mean BP by 23/10 mmHg sitting and 21/10 mmHg standing (Po0.01 for both SBP and DBP). When comparing the supported arm with the unsupported arm, mean BP was not significantly different. A regression analysis of the differences between sitting and standing BP in normotensive and hypertensive subjects using both mercury and oscillometric devices was performed. Figures 1 and 2 represent the sitting auscultatory SBP (y ¼ 1.3153xÀ23.693) and DBP (y ¼ 1.1279x+0.0838) results, and sitting oscillometric and standing auscultatory and oscillometric results were similar as were the regression equations for each analysis. In particular the difference between the supported horizontal and dependent arm increased with the increase in SBP and DBP. For example, an SBP of 155 mmHg in the horizontal arm would become 180 mmHg in the dependent position, an increase of 25 mmHg. A DBP of 85 mmHg could be incorrectly measured as Figure 3 , supporting the arm did not significantly alter sitting SBP or DBP when compared to horizontal unsupported auscultatory readings (y ¼ 0.9957xÀ0.1664). This observation persisted in standing subjects for SBP and DBP and was also noted with both oscillometric measurements.
Arm position and ABPM
Adequate measurements were achieved in 13 of 15 subjects, nine of whom were male and their age ranged from 18 to 80 years (Table 1b) . Nine patients were taking antihypertensive medications and the period of assessment varied between 2 and 4 days.
Results were analysed over a 12-h period between 09.00 and 21.00 h when all subjects were awake and out of bed. During this period, the mean SBP/DBP was 141 7 18/74 7 9 mmHg with the arm horizontal and 154 7 19/82 7 10 mmHg with the arm in the usual position for ABPM. Both systolic and diastolic pressures were significantly different (Po0.01) when the two 12-hourly evaluation periods were compared (Table 2b ). An analysis of the mean hourly SBP (Figure 4 ) also demonstrated a persistently lower SBP in patients when their arm was horizontal during the 12-h awake period, and these differences were also statistically significant at 09:00 h (Po0.01), 10.00 h (Po0.01), 11.00 h (Po0.05), 12.00 h (Po0.05) and 15.00 h (Po0.001). While each mean hourly DBP was also consistently lower over this 12-h period, these differences did not reach statistical significance. The pulse rate was (Figure 5 ), the subsequent regression lines being significantly different from zero and unity (Po0.001). Thus, the higher the SBP or DBP, the greater the artefact because of arm position. There was no difference in night-time sleeping SBP or DBP between the two periods.
Discussion
While this study confirms the significant increase in SBP and DBP by making the arm dependent noted in earlier studies, including recent ones using a Hawksley random-zero sphygmomanometer, 9,10 it also demonstrates that oscillometric devices including those used for ABPM are subject to similar artefacts. The absolute mean changes found during arm movement with a mercury device were similar to those found by Webster et al, 4 and Netea et al. 10 In sitting hypertensives, Netea et al 10 noted a mean increase of 10/11 mmHg in subjects from a mean SBP/DBP of 133/78 mmHg. While the mean SBP/DBP of our hypertensive subjects was higher (143/ 78 mmHg), using our calculations we would have predicted an increase of 18/10 mmHg in their patients. In the earlier data from Webster et al, 9 their sitting hypertensive group mean SBP/DBP was 140/90 mmHg, which increased by 18/14 mmHg with dependency. Our prediction of 20/12 mmHg is comparable. Netea et al 10 also measured the effect of arm position using an oscillometric device and demonstrated a similar but slightly lower effect of arm movement. We observed similar effects of arm position with mercury and both oscillometric devices.
Despite the widespread belief that the arm should be supported and confirmatory results from Webster et al, 9 we were unable to demonstrate any significant differences in sitting or standing subjects. We suspect that the additional cardiac work required to hold the arm up in healthy people is relatively trivial; however, on balance it is reasonable to maintain this standard during BP measurement.
The 13 mmHg SBP and 8 mmHg DBP mean difference between the two ABPM periods is also consistent with our clinic study with mercury and oscillometric devices. Again the higher the SBP or DBP, the greater the effect of arm position, potentially a significant problem in patient management. During this study, we could not ensure that all pressure measurements during the arm horizontal day were in fact horizontal, and while complete compliance was reported, BP differences may have been reduced by impaired compliance. While the two situations are not strictly comparable, it is of interest to compare the ABPM and clinic oscillometric device results. Applying the clinic regression analysis of dependent and horizontal pressures to the 13 ABPM subjects, a BP of 141/74 mmHg with the arm horizontal (mean 12-h BP) should increase to 161/84 mmHg with the arm dependent. This prediction is close to the measured mean of 154/ 82 mmHg. The regression analyses of SBP and DBP in horizontal vs usual arm position in the 13 ABPM subjects are also similar to the clinic OMRON findings. Minor differences between clinic and ABPM studies are probably because of a variation in the arm position during the usual ABPM monitoring period. Although the role of ABPM in the diagnosis and treatment of hypertension now appears well defined, individual reproducibility remains an important issue. ABPM is often repeated as part of the diagnostic or treatment process, and while ABPM reproducibility appears to be superior to clinic BP measurement, [16] [17] [18] particularly in large groups, 19 a significant variation has been detected in some individuals. 20 For example, some studies have demonstrated that BP recorded in hypertensives and normotensives during a work day can be higher than during a nonworking day, 21, 22 although a large individual variation was observed. Seasonal variations can also alter BP in normotensive and hypertensive individuals. 23 The ability of arm Arm position and BP A Mourad et al position to alter ABPM significantly is another confounding factor in the interpretation of ABPM in individuals and this probably contributes to reported reproducibility problems, particularly when comparing work to nonwork days rather than the implied effects of work exertion and stress. The recent report by van der Steen et al 24 that body and arm positions can significantly influence sleeping ABPM supports this hypothesis. Guidelines for ABPM use recommend only that patients hold their arm still during pressure recordings, 25 and unless the subject is seated or lying, the arm will probably be dependent.
The correlation between the level of BP and arm position has not been evaluated before and is an important clinical observation. While changes in arm position in subjects with low normal BP, particularly a normal SBP, would have few clinical implications, in subjects with borderline high pressures lowering the arm even if not to the dependent position could clearly produce a spurious diagnosis of hypertension. Some publications recommend correction factors for arm movement, with the American Heart Association suggesting a 0.8 mmHg correction for every 1 cm displacement of the sensing site with respect to heart level. 5 However, in a borderline or hypertensive population such corrections underestimate the potential error.
It is believed that the difference in BP values produced by arm movement is largely accounted for by hydrostatic pressure 5 and this is supported by Netea et al, 11 although the differences demonstrated in regression analysis between SBP and DBP in our study cast doubt on such a simplistic view.
While the British Hypertension Society recommends the method of differences as its preferred technique when comparing methods for measuring BP, 26 least-products regression analysis may be superior. 27 Nevertheless, ordinary least-squares regression analysis was used in this study despite its limitations because it is readily comprehensible to clinicians and, in particular, it clearly defines the magnification of the error produced by arm dependency as both SBP and DBP increases. Identifying fixed and proportional bias does not illuminate the important clinical observations of this study.
This study confirms the significant effect of arm position on auscultatory BP. Such an effect occurs in the sitting and standing positions as well as with an oscillometric device. In addition, it is now clear that the higher the BP, the greater the error produced, particularly in the measurement of SBP. Given the current focus on the diagnosis and treatment of systolic hypertension, the potential for spurious readings should cause concern. The indirect measurement of BP is prone to numerous errors because of poor technique and even the presence of back support when sitting may influence BP. 28 Nevertheless, the marked effect of arm position on BP has been relatively ignored probably because the accepted heart level position is unclear and open to misinterpretation. Even a relatively small downward arm movement in a patient with borderline or high BP could significantly influence diagnosis and treatment. To avoid significant and probable widespread errors in current BP measurement, we commend all national and international organisations to clearly and unambiguously state that the arm must be supported in the horizontal position when BP is being measured, whether sitting or standing and whether auscultatory or oscillometric devices are being used. Furthermore, clinical research manuscripts should state arm position to allow comparison, although in the recently published comparison between BP and mortality from the seven countries study research group, 29 BP was measured in the supine position, which possibly serendipitously minimised arm position artefacts between several centres. The application of such an unambiguous standard using ABPM is, however, less clear. Many community studies have facilitated the development of useful clinical criteria for hypertension diagnosis and assessment and to discount this information would be difficult, particularly since it is probably convenient for individuals to leave their arm at their side during cuff inflation. However, daytime ABPM is usually much lower than clinic pressures even if it is still artificially high owing to the dependent arm. On the other hand, night-time 'dipping' is in part due to a daytime dependent arm.
